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® Bi-Ca-Sr-Cu-0 superconducting glass ceramics. 



® A glass ceramic superconductor is presented with a nominal stoichiometric compojsition of Big. 
mPbmCaxSrzNnCUwOy family. The stoichiometric combination of Cax and Srz are such that x and z equal up to 10, 
Additional components, such as Pb, Ag, Li. K, Na. and Zn are added. Platelets are fonmed in a size range of up 
to 1000 Microns which are interwovenly. parallelly, and/or angularly juxtapositionally disposed to each other. 
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6i-Ca<Sr-Cu-0 Sup rconducting QIass C ramies 

The present invention is directed towards a superconducting glass ceramic material and method for 
making the same. The composition of this glass ceramic material is derived from the Bi-Ca-Sr-Cu-0 family 
of superconduct9rs. In particular, it has been discovered that when the Ca to Sr combination is maintained 
in certain proportions that a material is produced comprising platelets or crystallites with an angularly 

5 juxtapositionally disposed orientation that exhibits very good superconductivity properties. 

It is well Jcnown to those that are skilled in the superconductor art that this fast paced technology is in 
need of a cornposition and process whereby useful products can be manufactured. The ceramics of the first 
discovery, by Bednorz and Muller created excitement and happily spurred research, due to a significant 
raising of the critical temperature of superconductivity in their ceramic discovery. 

w The yttrrum-barium-copper oxide (1:2:3) superconductor of the Chu et al discovery, white exhibiting 
superconductivity at higher temperatures, does not exhibit mechanical strength, useful crystal orientation, 
nor sufficient crystal positional proximity for useful products. The 1 :2:3 superconductivity discovery cannot 
be trivialized, however, since this discovery has inspired others to invent additional ceramic superconduc- 
tive compositions. 

15 Recently, Maeda et al in the Japanese Journal of Applied Physics 27, L209. (1988), disclosed the 
discovery of a new family of ceramic superconductors. This family Is known as the Bi-Ca-Sr-Cu-0 ceramic 
superconductors. The particular memt>er of that family that excited irrterest is the BiCaSrCuaOy. known as 
1:1:1:2. The 1:1:1:2 ceramic suffered similarly from the same poor properties exhibited by the initial 1:2:3 
find. 

20 The superconductor community is not standing on one foot. Since the Maeda et a! revelations, others 
have come forward with discoveries of cousins to the 1:1:1:2 material, Komalsu et al in the Japanese 
Journal of Applied Physics, 27, 4, April 1988 disctoses a glass ceramic material with a composition from the 
Maeda family of superconductors. The glass ceramics imroduced t»y Xomatsu are ^3:2:2:4 -and 3:3:2M type 
Bi-Ca-Sr-Cu-0 /naterial. Komatsu first makes a glass with the material, rapidly quenches the glass, then 

25 anneals the glass forming a thin layer of ceramic material on the surface. 

The invention herein disclosed is from the Bl-Ca-Sr-Cu-0 family of superconductors. Additionally, the 
material is a glass ceramic. Following the nomenclature of the community, the compositions of the inventive 
glass ceramic are 2:1:2:2 and comtilnations therewlthin. The material exhibits useful properties, ^uch as 
greater mechanical strength, platelets or crystallites with highly defined geometries, and angular jux- 

30 tapositional orientations conducive to conductivity. 



Summary of the Invention 

35 

A glass x:eranmc superconductor with nominal compositions of BbCaxSr^CuwOy (such as Bi2CaSr2Cu20y 
known nominally as 2:1 -.22) and sibling compositions of Bi2.mPbmCaxSrjN„CUwOy is presented wherein m is 
about 0-1, x is up to about 10, z is up 1o about 10. n is up to about 2, iv ranges from j^bout 2to 7, ^nd y is 
up to about 50, These compositions produce a superconducting glass ceramic wherein the mechanical 

40 properties of the material are enhanced, platelets or crystallites ranging in size up to 1000 microns are 
produced, the volume percent of superconductivity of The material is up^o ^0% ^ «5K, and Ui e p latelets x>r 
crystallites are interwovenly, angularty and/or paralielly, such as a mica-like structure, juxtapositionally 
disposed to each other producing a material conducive to conductivity. Crystal sizes up to 1000 microns 
have been observed indicating a potential use of these crystallites Tor a rlblwn-like conductive medium. 

45 Additionally, since the material is at first a glass, It may be drawn out similarly to a fiber, formed into shapes 
as a glass, coated on a substrate, and subsequently crystallized to form the ceramic portion of the glass 
ceramic. 

The process of producing the glass ceramic Is equally inventive. The material Is batched from 
cartJonates and/or oxides of bismuth, strontium, calcium, and copper. The batched materials are melted at 
50 from 1000^ to 1350* C and then rapMdly quenched producing an amorphous structure. This intermediate 
material is a glass. The glass is subsequently heated about 650* to 910* C. preferably between about 800' 
to 890' C, in anpxygen/ich environment or air forming platelets or crystallites intimately interspersed with 
the glass, forming a glass ceramic superconductor. An advantage provided by tiiis glass ceramic material is 
the gain in control over the grain size of the ceramic phase. This control of very fine grains may provide 
high critical fields for magnetic shielding. 
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The 2:1:2:2 material is not without progeny oi its own. Various substitutions of any of the stoichiometric 
components in 2:1:2:2 can be made with silver, tin. iead, zinc, sodium, potassium, lithium, and anions such 
as fluoride, as herein disclosed. 

The critical temperature tmset t)f ^percoTKiuctivtty of the materiai is up to about 11 OK with the 
5 temperature of zero resistance about 70K. The volume percent of superconductivity ranges up to 60% at 
65K. 



Brief Description of the Drawings 

TO 

FIG. 1 is an SEM micrograph showing the angularly juxtaposed platelets. 
RG. 2 is an SEM^rrmnxjgraph showing paraHeHy juKtaposed platelets. 

RG. 3 is an SEM micrograph showing the dimensions and extent of the interwoven characteristic of 
15 the platelets. 

RG. 4 is a plot of resistance vs. Temperature. 

RG. 5 is a plot of the magnetization vs. applied magnetic field. 

Detailed Description of the Preferred Embodiments 

20 

In Example !, the preferred emtwdiment. 310.6 grams of BiaOs, 56.1 grams of CaO, 147.6 grams of 
SrCOa. and 108.1 grams of CuO were nnixed together using a tumbler, for 60 minutes. The batch was 
placed in a 500 cc platinum crucible, then heated in a furnace in air at approximately 1150*C. The furnace 

25 was maintained at this temperature for 50 minutes. The melt was retrieved from the furnace and poured 
onto a stainless steel table. The melt was then pressed with a stainless steel block to rapidly quench the 
liquid. The resulting solid was black and exhibited glassy fracture. 

Several samples from the glass were placed in a tube furnace equipped for oxygen flow. The samples 
were placed in the furnace such that the highest amount of surface area was exposed to the furnace 

30 environment The samples were secured inside zirconia rings. The rings were placed on porous zirconia 
setter plates. The tube was sealed and oxygen gas flowed through the Xube during heat-up, maintenance, 
and cool down of the furnace. The furnace was brought up to the maintenance temperature of about 890 C 
from room temperature in approximately 8 hours. This temperature was maintained for about 12 hours. The 
sample ladened furnace was allowed to cool to room temperature for about 15 hours. 

35 The heat treatment provided samples containing many small crystals. Optical microscopy revealed 
some samples exhibiting targe platelets, which reflected light. The samples appeared to have thermally 
deformed, indicating that the melting temperature of the material may have been broached. An examination 
of the bottom of the samples, bottom defined as the area of the sample closest to the zirconia setter plates, 
revealed a different morphology than the top of the samples. The Iwttom part of the samples appeared to 

40 exhibit more porosity. 

Samples containing large platelets contained 40 to 55 percent superconductor by volume, as deter- 
mined from magnetization vs. applied fieid measurements. Magnetization vs. applied magnetic field 
measurements were made with a vibrating sample magnetometer, using fields up to 10.000 Gauss. Cooling 
was provided by a flow cryostat. Data could be taken down to 65K by pumping on the liquid nitrogen 

45 coolant. Samples consisted of ground powders stuffed into small nylon sample hokiers. The field was 
applied perpendicular to the long axis of the sample holders. 

The resistivity measurements were made by the four prot)e method. Four gold strips were evaporated 
onto the solid glass ceramic samples and electrical contacts were made to these with silver epoxy. A ftow 
cryostat. using liquid helium coolant was used to bwer the temperature of samples to about 10K. 

50 The resistivity of the samples was approximately 10"* ohm cm at room temperature, exhibiting nr>etaliic 
behavior. This characteristic decreased with decreasing temperatufB. As the 120K temperature was 
approached a dip of about 13% ih resistance vs. temperature was noted. This dip indicated the presence of 
the very high Tc phase of Bi-Ca- Sr-Cu-O. The resistance began to decrease rapidly at about 85K« reaching 
zero at 70K. 

55 Scanning electron microscopy revealed the presence of about lOOu to 200u in size platelets. Powder x- 
ray diffraction patterns show the presence of a single crystalline phase, with structure matching the 
structure of Bi2(CaSr)3Gu208. X-r^y diffraction also revealed a glass phase to the material. 

in Example II, the glass of Exarpple I was placed in the same fumac as Example I. but the samples 
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were laid flat (horizontally oriented) on porous zrrconia setter plates. The furnace and heat treatment method 
were similar to that used in Example I This heat treatment resulted in materials with some porosity, that 
wece not warped. SEM revealed these samples to have angulariy and parallelly juxtapositionally opposed 
grains of 10 to 20 a size. Powder x-ray diffraction showed the presence of a single crystalline phase 
5 matching the structure of Bi2(CaSr)3Cu2 08 and a glass phase. TWIagnetization vs. applied field measure- 
ments indicated 20 to 55 percent superconductor, by volume, at about 67 K. The room temperature 
resistivity of this sample was approximately 10-^ ohm cm. 10 times higher than that of the material in 
Example 1. Resistivity measurements indicated poorer electrical connection between grains than seen in 
the materials of Example I 

w In Example III. the glass of Example I was placed in the same furnace as Example I and oriented as in 
Example II. Tlie heat treatment method was similar to B<ample 11. except that the temperature of 890* C 
was maintained for only 3 hours. This glass ceramic was denser than the material in Example II and 
exhibited about 10 volume percent superconductor at about 67 K. by magnetization measurements. Powder 
x-ray diffraction showed the presence of a crystalline phase matching the structure of Blz(CaSr)aCu208. 

T6 additional lines related to the low temperature crystalline phase of this system, and glass. 

In Example IV. the glass of Example I was oriented as in Example II, then two porous zirconta brides 
were placed on top of it. This was done In an attempt to furtfier align grains 1n an orientaflon conducive to 
conductivity. The heat treatment method was similar to that of Example I. The resulting glass ceramic 
resembled that of Example ill and exhibited about 4 volume percent superconductivity at about 67 K. 

20 Powder x-ray diffraction showed the presence of a crystalline phase matching the structure of Bi2(CaSr)- 
aCujOs. additional unidentified lines, and glass. 

In Example V. a batch of the same composition as Example I was mixed as in Example I. This batch 
was placed into a "500 cc alumina crucible, then melted and quenctied as In Example 1. The resulting glass 
was heat treated in the same furnace as Example I. with an orientation similar to Example II. The heat 

25 treatment method of Example 1 was followed. The resulting material was somewhat porous and slightly 
warped. Magnetization measurements indicated 6 volume percent superconductor at about 65 K. Powder x- 
ray diffraction showed the presence of a crystalline phase matching the structure of Bi2{CaSr)3Cu208. 
additional unidentified lines, and a glass phase. 

In ExarT)pIe VI. a batch of the same composition as Hxample 1 was mixed as In Example 1. The batch 

30 was placed in a 500 cc alumina crucible, then heated in air at approximately 1150' C for about 1 hour, with 
oxygen gas flowing over the top of the melt for about 15 minutes. The melt was then quenched as In 
Example I. The resulting glass was heat treated in the same furnace as Example I, with the same orientation 
as Example II. The heat treatment method of Example I was followed. The resulting glass ceramic was 
porous and warped, having about 10 volume percent superconductor at about 67 K. Powder x-ray diffraction 

35 showed the presence of a crystalfine phase matcfftng the structure of ■Bi2XCaBr)3Cu20a . additional uniden^ 
tied lines, and a glass phase. 

In Example VII, 310.6 g of Bi203, 100.1 g of CaCOs. 147.6 g of SrCOa, and 106.1 g of CuO were 
mbced, melted and quenched as in Example III. The resulting glass was heat treated similarly to that in 
Example I, with a similar orientation to that of Example II. The heat treatment method of Example 1 was 

40 followed. The resulting glass ceramic was porous and warped. SEM revealed this material to have angularly 
and parallelly luxtaposltionaHy opposed grains oT20 to 1XK) u size and needle-shaped particles ot about itTO 
u in size, which have been identified as primarily calcium copper oxides. Powder x-ray diffraction showed 
the presence of a crystalline phase matching the stnjcture of Bi2(CaSr)3Cu208. additional unidentified lines, 
and a glass phase. Magnetization vs. applied field measurements indicated 10 to 50 percent superconduc- 

45 tor. by volume, at about 67 K. 

In Example VIII, the glass of Example VII was heat treated similariy to that as in Example I. with the 
same orientatior) as Example 11. The heat treatment method was similar to Sample 1. except that ^e 
temperature of 890* C was maintained for a period of 48 hours. The resulting glass ceramic resembled that 
of Example V. SEM revealed a morphology similar to that of Example VII. Powder x-ray diffraction showed 

50 the presence of a crystalline phase matching the structure of 8i2(CaSr)3Cu2C)B. additional unidentified lines, 
and glass. Magnetization vs. applied field measurements indicated 10 to 50 percent superconductor, by 
volume, at about 67 K. 

In "Example IX, The glass of Example VW was tieat treated slmHariy to ^al as In Btample 1, with an 
orientation similar to Example II. The furnace was brought up to the maintenance temperature of 825* C In 
. 55 about 8 hours, then this temperature was maintained for 24 hours. The furnace was allowed to cool to room 
temperature over approximately 15 hours. The resulting material was a fine grain glass ceramic, with about 
3 volume percent superconductor at about 67 K. This material had m tallic resistance behavior above a Tc 
of 85 K, with no dip in resistance vs. temperature at about 110 K. Th room temperatur resistivity of this 
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material was approximately 10"^ ohm cm, 10 times higher than that of the material in Example I. Powder x- 
ray diffraction showed the presence of a crystalline phase matching the structure of Bi2{CaSr)3Cu208 and 
glass, 

In Example X, the glass of Example VII was ground and pressed Into small wafers. These wafers were 

6 placed on porous zirconia setter plates and placed in the same furnace used for Example I. The heat 
treatment sc|iedule was similar to that m Example 1. The resulting glass reramic wafers exWbited about 5 
volume percent superconductor. Powder x-ray diffraction showed the presence of a crystalline phase 
matching the structure of Bi2{CaSr)3Cu208 and glass. 

In E^tample Xi, the glass of Example 7 was ground and pressed into small wafers. Ttiese wafers ^re 

70 placed on porous zirconia setter plates and placed in the same furnace used for Example I. The heat 
treatment ^hedule was similar to that of Example I, except that the maximum temperature reached was 
about 880* C. This temperature was held for 12 hours. The resulting glass ceramic wafers exhibited about 
15 volume percent superconductor at about 65 K, Powder x-ray diffraction showed the presence of a 
crystalline phase matching the structure of Biz(CaSr)3Cu208 and glass. 

15 in Example XII. 349.5 g of BizOa, 75.1 g of CaCOg, 221 .43 g of SrCOs. and 1 19.3 g of CuO were mixed 
as in Example I. The batch was placed in a 500 cc platinum crucible, then melted and quenched as in 
Example I. The suiting ^lass was heat treated in the same furnace used for Example I, with a similar 
orientation as th^t of Example It. The heat treatment method was similar to Example I. This heat treatment 
resulted in porous materials that were not warped. This material exhibited about 10 volume percent 

20 superconductor ^ ^toout 65 IC 

In Example XIII, a batch of the same conr^josition as Example XII was mixed according to the method of 
Example I. The batch was placed in a 500 cc alumina crucible, then melted and quenched similarly to 
Example I. The restttting ^lass ^as Seated in Ihe same tonace as Example I, with a similar orientation 
as in Example II. The heat treatment method was similar to Example L The heat treatment resulted in 

26 porous materials that were not warped. This material exhibited about 5 volume percent superconductor at 
at)out B5 K. Powder :x-Tay ^itffraction showed the presence of z crystalline phase matching the ^structure of 
BiziCaSrIgCuzOs and glass. 

In Example XIV, the glass of Example XIII was placed in a box-type furnace, with a similar orientation as 
that of Exarnple 1\. The furnace was b r oug h t ijp to 70G ' C 4n 7 hours, held at tfiat temperature ior 12 hours, 

30 raised to 865* C in about 2 hours, held at 865* C for 12 hours, raised to 885* C in about two hours, held at 
885 'C for 12 hours, then cooled to room temperature in about 7 hours. The furnace atmosphere was 
oxygen. The resulting glass ceramic was ^jurous^and -extwbited about 5 volume percent ^upefco nductor -at 
about 65 K. Powder x-ray diffraction showed the presence of a crystalline phase matching the structure of 
Bi2(CaSr)30u208 and a glass phase. 

35 In Example XV. the glass of Example XHl was "heat treated with the same schedule as €xarhple XfV» 4n 
an orientation similar to that of Example II. in a box-type furnace. The furnace atmosphere was air. The 
resulting glass ceramic exhibited only 1 volume percent superconductor at about 65 K. Powder x-ray 
diffraction showed the presence of a crystalline phase matching The structure of Bi2{CaSr)3CtJ20B and a 
glass phase. 

40 In Example XVI. a batch of the same composition as Example Xlll was mixed as in Example I. The 
batch was placed in a 500 cc alumina crucible, then heated in air at approximately T1 50 *-C ior -about 1 
hour, with oxygen gas flowing over the top of the melt for about 15 minutes. The melt was quenched similar 
to the method in Exaniple I. The resulting glass was heat treated in a box-type furnace, with an orientation 
simitar to that of Example IL The furnace was brought up to the maintenance temperature dTB20*t; over 

45 atxjut 5 hours, kept at that temperature for 12 hours, and slowly cooled to room temperature. The furnace 
atmosphere was .air, TJiis treatment resulted in a fine grain glass ceramic, having about 1 volume percent 
superconductor at about 65 K. Powder x-ray diffraction showed the presence of a crystalline phase 
matching the structure of Bi2(CaSr)3Cu208 and a glass phase. 

In Example XVH. the glass ^f -Exampte XVi was heat treated in the furnace used to heat Example I. with 

50 an orientation similar to that of Example 11. The furnace was brought up to the maintenance temperature of 
710* C in about 7 hours, then held at this temperature for 24 hours. The furnace was allowed to cool back 
to room temperptere ^jver about 15 -hours. Oxygen gas was flowed throuflh the fumace during heat up, 
temperature maintenance, and cool down. The result was an extremely fine grained glass ceramic. TEM 
photographs show crystalline grains of 0.1 to 1 u size. These materials exhibited only 1 volume % 

55 superconduptor-at-about^ K, but the first critical fields. IH^i, jneasured were extremely large {700 to 900 
Gauss), due to ti^e fine grain size. Powder x-ray diffraction showed the presence of two crystalline phases, 
one matching th^ structure of Bi2(CaSr)3Cu20« and one related to the low temperature crystalline phase of 
this system, and a glass phase. 
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In Example XVIH, the glass of Example XVI was treated in the furnace of Example XVI. in the orientation 
of Example II. The furnace was brought up to 690* C over about 4 hours, maintained at that temperature for 
about 62 hours, then slowly cooled to room temperature. The resulting material was similar in appearance 
and morphology to that of Example XVII, These materials exhibited 1 volume percent superconductor at 

5 about 65 K and had enormous first critical fields of 1000 to 2000 Gauss. Powder x-ray diffraction showed 
the presence of two crystalline phases, one matching the structure of Bi2(CaSr)3Cu208 and one related to 
the low temperature crystalline phase of this system, and a glass phase. 

In Example XIX the glass of Example XVI was treated in the furnace similar to the method of Example 
XVI, with an orientation similar to that o1 Sample 11. The fumace was brouglit up to 560 ' C over at)OUl 4 

10 hours, maintained at that temperature for 3 hours, and slowly cooled to room temperature. The resulting 
material was still glassy in appearance and exhibited no superconductivity. Powder x-ray diffraction showed 
the presence of a crystalline phase different from the structure of Bi2(CaSr)3Cu208 and a glass phase. 

In Example XX, the glass of Example XVI was treated in the fumace according to the method of 
Example I, yvith the orientation of Example II. The furnace was brought up to 440* C over about 4 hours. 

15 maintained at this temperature for 3 hours, then slowly cooled to room temperature. Oxygen gas was flowed 
through the furnace during heat up, maintenance, and cool down. The resulting material was predominantly 
glass, though a small amount of crystalline material could be seen. This material exhibited no superconduc- 
tivity. Powder x-ray diffraction showed the presence of a crystalline phase different from the structure of 
Bi2(CaSr)3Cu20a, however, the glass phase was still observed. 

20 In Exarr^ple XXI, the glass of Example :XV1 was placed Into the furnace used Tor Sample XIV, which 
was already at 820' C. The sample was left in the fumace for 30 minutes, then removed to room 
temperature. The entire heat treatment took place in air. The resulting material was partly glass and partly 
glass ceramic, with striations of crystalline material interspersed with glass. This material exhibited less than 
1 volume percent superconductor, but had a fairiy large first critical field of 200 Gauss, due to tiny 

26 crystalline grains. Powder x-ray diffraction showed the presence of a crystalline phase matching the 
structure of Bi2(CaSr)3Cu208 and a glass phase. 

In Example XXII. a batch similar to that of Example VII was mixed and melted according to the method 
in Example VII. The melt was retrieved from the furnace and poured onto a room temperature stainless 
steel table. This time, the melt was not pressed with a stainless steel block. The resulting material was 

30 mostly crystalline, with a thin layer of glass at the surface that had been in contact with the table and, thus, 
was the most rapidly quenched. Powder x-ray diffracfion showed a crystairine pt>ase unrelated to the 
structure of Bi2(CaSr)3Cu208 and glass. This material was heat treated in the furnace used to heat treat 
Example Un the orientation similar to that of Example II. The heat treatment method was similar to that of 
Example IX. The resulting material was a glass ceramic. Powder x-ray diffraction showed the presence of 

35 two crystalline phases, one matching the structure of Bi2(CaSr)3Cu20a, and glass. 

In Example XXIII. 327.7 g of BiaOs, 66.5 g of CaO. 161.4 g of SrCOs. and 143.7 g of CuO were mixed, 
melted, an^ quenched according to the method in Example I. The resulting glass was given a heat 
treatment in the furnace used for heating Example I » but in an orientation similar to that of Example It. The 
heat treatment method was similar to that used in Example I, The resulting glass ceramic was somewhat 

40 porous. Magnetization measurements "indicated 2 to 15 volume percent superconductor at "67 K. 

In Example XXIV, 310.6 g of B12D3. 56.1 g o7 CaO,m4 g 0I SrCOs, and 1t)6.1 g ottJut) were mixed, 
melted and quenched according to the method in Example I, This glass was heat treated in the same 
fumace used for Example I, with a similar orientation as Example I. and similar heal treatment as in the 
method of Example IX. The resulting glass ceramic was dense. TJny shiny crystalline flakes could be seen 

46 under an optical microscope. This material exhibited 3 volume percent superconductor at about 67 K, by 
magnetization measurements. 

In Example >OCV, ihe gfass of txanrtpte XXIV ^was ireated stmtlariy to Example XXIV. but ^ -glass 
pieces were oriented in the same manner as in Example II. The resulting material was a fine grain glass 
ceramic, 

50 In Example XXVI, 310.6 g of BizOa, 100.1 9 of CaCOa. 98.4 g of SrCOg, and 106.1 g of CuO were 
mixed, melfed, and quenched according to the metfiod of "Example 1. This glass was beat treated in the 
same furnace used to heat Example I, with the treatment similar to Example IX. Pieces were oriented in 
much the same manner as in Example I. The resulting glass ceramic had an appearance similar to that of 
Example XXIV. but also contained shiny spheroids of about 1 to 2 mm diameter. Magnetization nr^easure- 
. . 65 merits indicated 4 volume percent superconductor at about 67 K. 

In Example 50<Vfl, the plass Example ^OCVI was h eat tr ea t ed -as in a -manner srmiter to €xample XXVI. 
but the samples were orient d like those in Example 11. The resulting material was a fine grain glass 
ceramic. 
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In Example XXVIII, 349.5 g of BizOs. 75.1 g of CaCOs, 221.4 g of SrCOa. and 125.3 g of CuO were 
mixed, melted, and quenched according to the method of Example 1. The fBsuttmg giass was heat treated in 
the same furnace used to heat Example I, with the heat treatment method similar to that of Example I, 
except that the furnace was maintained at a temperature of 880* C for 12 hours. The sample was oriented 
5 in a manner similar to Example I. Incongruent melting had taken place, leaving the samples somewhat 
porous and deformed. Many small shiny crystallites could be observed under the optical microscope. 
Magnetization measurements indicated 10 volume percent superconductor at about 67 K. 

in Example ^1X. the glass of Example XXVItf was heat tr^ted accor<^ing 4o the ^ne^od 4jsed 4n 
Example XV4U. but the sample was oriented similarly to that in Example II. Incongruent melting had 
w apparently t^ken place, leaving the samples somewhat porous and deformed. Many small shiny crystallites 
couW be observed under the optical microscope. Magnetization measurements indicated 3 volume percent 
superconductor at about 67 K. 

In Example XXX, 349.5 g of Bi203, 75.2 g of CaCOa, 221.4 g of SrCOa. 122.3 g of CuO, and 4,3 g of 
Ag20 were mixed, melted, and quenched according to the method in Example I. The resulting glass was 
75 heat treated in the same furnace and with the method used for Example 1, T}ut the lurnace was maintained 
at 880 'C fpr 12 hours. The sample was oriented in a manner similar to Example I. The resulting fine grain 
glass ceramic exhibited 15 volume percent superconductor at atxiut 67 K, from magnetization measure- 
ments. 

In Example ^XXXl. fhe glass of Example XXX was heat treated in a manner ^imitario Example )00<,-bt3t 

20 the sample was oriented similarly to Example il. The resulting fine grain glass ceramic exhibited 9 volume 
percent superconductor at about 67 K, from magnetization measurements. 

In Example XXXH, 349.5 grams of 8*203. 75.1 ^rams of CaCOs, 221.4 ^ams of SRCO9. and ^2SJ3 
grams of CuO were mixed, and quenched as in Example V. The resulting glass was heat treated in the 
furnace of Example I, with the orientation similar to Example II. The furnace was brought up to the 

25 maintenance temperature of 700* C in about 7 hours, then held at this temperature for 24 hours. The 
furnace was allowed to cool back to room temperature over about 15 hours. Oxygen gas was flowed 
through the furnace during heat up, temperature maintenance, and cool down. The result was a fine grain 
glass ceramic. Powder x-ray analysis showed a crystalline phase similar to the structure of Bi2(Ca8r)- 
3CU2OB. The material had less than one volume percent superconductor, by magnetization measurements, 

30 and had a first critical field of 400 Gauss. 

In Example X>0(tn, 349.5 grams of Bi203, 75.1 grams of CaCOa, 221.4 grams of SrCOs, and 125.3 
grams of CuO were mixed; mefted, ancf querrched as in Example V, The resulting glass was lieat treated in 
the fumace of Example I, with the orientation of Example 11. The heat treatment method was similar to that 
of Example XXXII. The result was a fine grain glass ceramic. Powder x-ray showed a crystalline phase 

35 similar to the structure of Bi2(CaSr)3Cu208. The material had less than one volume percent superconductor, 
by magneti^on, and had a first critical field of 300 Gauss. 

In Exarpple XXXIV, two samples of glass ceramic of Example VII was given an additional oxygen 
atmosphere heat treatment at 890*0. The heat treatment procedure was similar to that in Example VII. 
except that ^nextmum terrt p o r at u re ^as maintair^ 4or 24 ^^ours. JUlagnetization vs. applied field 

40 measurements indicated that these 'samples had 40 to 60 volume percent superconductor at 67 K. as they 
had before the second heat treatment. 

Table I presents ibe as ^alyzed stoichiometric concentrations of the various Bi-Ca-Sr-Cu-O composi- 
tions and their associated Examples. 

45 TABLE I 





Composition 


Example 
Number 


50 


Bi2Cai .seSri .47CU2,o708.44 


1A 




Bi2 Oai ^Sri ,47 Cui .8207,79 


1 




Bi2 Cai jgSri .550112^709.3 


2 




Bi2Cai.5iSrT.65pU2.7o09J7 (Alo,2l) 


7 




BI2Ca5.76Sre.32CU9.2gO30.86 (Ali.76) 


12 


65 


Bi2Catj>sSri^Cu2.e90iat {AkaO 


34A 




Bis Ca2.4i Sri .76Cu3.i 7O1 1 .2 {Alo,ao) 


34 
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The concentrations of all samples were normalized to the Bi2 component. The concentration of Example 12 
is outside the range, ft is speculated that Bi may have been lost during processing of this Example. 
Aluminum is in parenthesis since it is speculated that firstly, aluminum is probably derived from the alumina 
crucible used for heating the sample, and secondly the aluminum is speculated to site in the glass phase. 
Table n presents thel)alch starting materials tor Examples XXXVlhrough XtVttl. 

TABLE 11. 



STARTING BATCH MATERIALS AND THEIR WEIGHT 




Starting Materials 




Bi203(gm) 


CaC03(gm) 


SrC03(gnn) 


CuO(gm) 


XXXV 


163.1 


140.1 


206.7 


167.0 


XXXVI 


163.1 


70.0 


103.3 


83.5 


XXXVII 


244.6 


70.0 


103.3 


83.5 


XXXVdl 


244,6 


70.0 


103.3 


111.4 


XXXIX 


163-1 


35.0 


103.3 


55.7 


XL 


too. 1 


105.1 


206.7 


139.2 


tlxsmpies 




PbO 


AggO^} 












(g"i) 




(gm) 


(gm) 




XLI 


138.6 


19.5 


2.0 


140.1 


206.7 


167.0 


XLII 


138.6 


11.7 


6.1 


140.1 


206.7 


167.0 


XLIII 


122.3 


35.2 


2.0 


140.1 


208.7 


167.0 


XLIV 


138.6 


23.4 


16.2 


140.1 


186.0 


167.0 


XLV 


138.6 


23.4 


40.6 


140.1 


155.0 


167.0 


Examples 


BisOa (gm) 


PbO 


LbCOs 


CaCOa 


SrCOs 


CuO (gm) 








(gm) 


(gm) 


Igm) 




XLVI 


138.6 


23.4 


5.2 


140.1 


186.0 


167.0 


Examples 


BiaOs (gm) 


Pbt) 


T4a2C03 


CaCOs 




CuOtgm) 






(gm) 


<gm) 


(gm) 


(gm) 




XLVII 




.23,4 . 




140 J 


196^ . 


167X 


Examples 


BizOa (gm) 


PbO 


K2CO3 


CaCOs 


SrCOa 


CuO (gm) 






(gm) 


(gm) 


(gm) 


(gm) 




XLVIII 


138.6 


23.4 


9.7 


140,1 


186.0 


167.0 



Table III presents the stoichiometric ratios of the compositions of Examples XXXV through XLVIII. 
Additionally, the compositions have been normalized to 8I2 or (Bi,Pb)2 depending upon the composition to 
facilitate comparison between the various Examples with regard to c»m position. 
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TABLE III. NORMALIZED COMPOSITIONS TO (Bi+Pb) or Bi=2 



(a) Bi- 


-Ca-Sr-Cu-O System: 




Example 


Composition 


Nomalized Composition 


XXXV 


Bi-Ca .Sr .CUcO„ 
2 4 4 6 X 


BijCa^Sr^CugOj^ 


XXXVI 


Bi^Ca^Sr^Cu.O 
°-*"2 2 2 3 X 


"^2 2 2 3 X 


XXXVII 


Bi2Ca2Sr2CU20^ 


^^2^*l,33S'^1.33^"2°a 


XXXVIII 


Bi-^Ca-Sr-jCu-O 
3 2 2 4 X 


»i2^*1.33S'^1.33^"2.67°x 


XXXIX 


Bi2CaSr2CU20^ 


Bi2CaSr2Cu20^ 


XL 


Bi^Ca^Sr^Cu^Oj^ 


Bi2Ca^Sr^Cu^0^ 


(b) Bi- 


•Pb-Ca-Sr-Ag-0 System: 




XLI 




^^il.74P^0.26> 




SJ^4*9o.o5CU60x 


<<=*4. 15^4. 1'^^o. 051)^^*6. 15*=*: 


XLII 


^h. 7^^0.15^*4 


84^*^0. 16» 






<Ca4.32Sr4,32Ago.o54><^^6.4! 


XLIII 


^^1.5^^0.45^*4 


<«^1.54^^0.46' 




S'^4*3o.o5CVx 


<C*4.lSr4.iAgo.05l'C^6.150: 


XLIV 


^H. 7^^0.3^*4 


<B4.7^^0.3J 




S'^3.6^«0.4^Vx 


<^4S'^3.6^«0.4'^"60x 


XLV 


^^1.7^^0.3^*4 


^^h.7P^0.3> 




Sr^AgCUgOjj 


«:a^SrjAg)CUgOj^ 
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(c) Bi'Pb-Ca*Sr-Li"0 System ; 
XLVI Bi,,Pbo.3Ca, 



(d) Bi-Pb*Ca-Sr-Na-Cu-0 System 
XLVI I 



(e) . Bi-Pb*Ca-Sr-K-Cu-0 System 
XLVIII Bi^_,Pbo_3Ca, 



<^^1.7P^0.3: 



Table IV presents experimental parameters which distinguish Examples XXXV through XLVIK and the 
resulting percent superconductivity observed for each Example. 

TABLE IV. GLASS MELT, CERAM CONDITIONS AND THE 
PERCENTAGE OF SUPERCONDUCTING PHASE 

(a) Bi-Ca-Sr-Cu-O System ; 

Glass Melt Annealing % Supercond 



Example 


Composition 


Temp(»C) 


Cond CC) 


at 67 "K 


XXXV 


Bi2Ca4Sr4CUgO^ 


1300 


885/Oxy/22hr 


1.5% 


XXXVI 


Bi2Ca2Sr2Cu30j^ 


1150 


885/Oxy/22hr 


27% 


XXXVII 




1150 


B65/Air/66hr 


13% 






1150 


8B0/Air/?- 


13-15% 






1150 


885/'- ..c 


11-12% 


XXXVIII 


Bi3Ca2Sr2Cu40^ 


1150 


P 22hr 


7% 


XXXIX 


BijCaSrjCUjOjj 


1150 


c:3/Oxy/22hr 


12% 


XL 


Bi2Ca3Sr4Cu50^ 


1150 


885/Oxy/22hr 


1% 
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(b) Bi-Pb-Ca-Sr-Aq-0 System : 



XLI 



XLII 



XLI 1 1 



XLIV 



XLV 



^h.S^^'o. 45^*4 
S^4'^«0.05C"6°X 

«H.7^*'0.3C*4 



1250 845/Air/34hr 

1250 845/Air/34hr 

1250 845/Air/34hr 

1250 845/Air/34hr 



Sr 



3.6^90.4^^-° 



^^1. 7^^0.3*^*4 
Sr^AgCUgOjj 



1250 865/Air/66hr 
1250 845/Air/34hr 



6% 
3% 
6% 
18% 

18% 

6% 



(c) Bl-Pb-Ca-Sr-Li-0 System; 



XLVI Bi^ .yPbo jCa^ 

2^3.6^^0.4^Vx 



1250 845/Air/34hr 



5% 



(d) Bi-Pb-Ca-Sr-Na-Cu-0 System ; 



XLVII ^PbQ^jCa^ 

3^3. 8^*0. Z^e^x 



1300 845/Air/69hr 



1.3% 



(e) Bi-Pb-Ca-Sr-K-Cu-O System ; 



XLVIII Bij^ ^Pb^ .jCa^ 

S^3.6Ko.4^"6°x 



1300 845/Air/69hr 



1.3% 



Table V presents annealing parameters and physical observaSons of Examples XXXV through XLVIII 
after the samples had been cerammed. Onset @ a specific temperature means the onset of superconduc- 
tivity as Icnown to those skilled in the art. 
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TABLE V. OBSERVATIONS OF SAMPLES AFTER CERAM 



(a) Bi'Ca-Sr-Cu-0 System ; 

Wt Change 
Annealing After 
Example Condition (**C) Annealing 



Comments 



XXXV 885/Oxy/22hr 

XXXVI 885/Oxy/22hr 

XXXVII 865/Air/66hr 
880/Air/27hr 
885/Oxy/22hr 

XXXVIII 885/OxY/22hr 

XXXIX 885/Oxy/22hr 



-3.7% 
+0.26% 

-7.3% 



XL 



885/Oxy/22hr 



0.73% 



(b) Bi-Pb-Ca-Sr-Aq-0 System ; 



XLI 
XLII 
XLIII 
XLIV 



XLV 



845/Air/34hr 
845/Air/34hr 
845/Air/34hr 
845/Air/34hr 
865/Air/66hr 

845/Air/34hr 



slightly warped 
flat, onset g 86»K 
rippled 
rippled 

partially melt, warped, 

porous 
partially melt, stuck 

to setter 
partially melt, stuck 

to setter 
slightly warped 



slightly warped 
slightly warped 
warped 

warped, onset J 90 •K 
partially melt, stuck 

to setter 
severely warped 



(c) Bi-Pb-Ca-Sr-Li-O System : 



XLVI 



845/Air/34hr 



warped 



(d) Bi-Pb-Ca-Sr-Na-Cu-0 System ; 



XLVII 845/Air/69hr 



warped 
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(e) Bl-Pb-Ca-Sr-K-Cu-0 System : 

5 

XLVIII 845/Air/69hr slightly warped 

10 

In Example XLIX. 544 grams of B^Oa. 69 grams of CaO, 50 grams of ZnO, 258 grams of SrCOa. 185 
grams of CuO. and 15 grams of AlaOs were mixed and heated as in Example I. The molten liquid was 
poured onto a stainless steel table and contained wrthm -a ^stamtess steel mo\d. The resuming ^lass piece 
was about 0.5 inch (1.72 cm) thick. The glass was heat treated in the furnace and with the same method 

15 used for Example I. The furnace was maintained at 850' C for 12 hours. The sample was oriented in a 
manner similar to Example I. After heat treatment, the sample ^ad a ttat, line grained -appearance. The 
inside was comprised of shiny crystallites, up to 1000 microns in size. Powder x-ray analysis showed a 
crystalline phase with a structure similar to that of Bi2(CaSr)3Cu208. unidentified lines, and glass. SEM 
indicated that the crystallites were comprised of flat, mica-like grains of up to several -hundred -mfCTons in 

20 length and up to 1 micron thick. Magnetization measurements indicate 4 volume percent superconductor at 
67K. 

In Exarr^pte L. 530 grams of Bi203. 67 grams of CaO. 333 grams of SrTOa. and 1B0 grams of CuO 
were mixed as in Example I. The batch was placed in a 500 cc alumina crucible and melted at 1150 C. 
The batch w^ then heat treated similar to Example 22 and showed x-ray data similar to that of Example 22. 
25 Magnetization measurements indicated 12 volume percent superconductor at 67K. 

In Example U, 563 grams of BisOs. 78 grams of CaO. 276 grams of SrCOa. and 178 grams of CuO 
were mixed, merited, ^and xjuenched as in Example L. The resulting material was partly glass and partly 
crystalline, as in Example L This material was heat treated in a manner similar to Example L. The resulting 
material was a glass ceramic, composed of a Bi2(CaSr)3Cu208 type phase.another crystalline phase, and 
30 glass. Magn|etization4neasurements indicated 5 volume percent superconductor at 67K. 

In Example Ul, 530 grams oi BizOa, 67 grams of CaO, 336 grams of SrCOa. and 180 grams of CuO 
were mixed, malted, and quenched as in Example L The resulting material was similar to Example L in 
appearance. 

The chemical analysis of several of the above Examples are revealed in Table VI. These compositions 
35 have been normalized to the Bi or Bi-like structural component from the as analyzed Atomic Absorption and 
Inductively Coupled Plasma (ICP) data. 



40 



45 



so 



55 
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TABLE VI 



Example Composition 

^0 05*^5 2S "contaminants") 
XXIV Bi^Ca, ;3Sro;ggCu, 

XXVI ^V^l, 47^^0.97^^1.95^7,84 

XXVIII Bi^Ca, ^ Q,sr2 , ^,Cu^ . 34 ^ ^^0 , 19 ^^9 . 33 

XXXII Bi^CajL 3^Sr^ 33CU3 43(a1q 2^)0^^^^^ 

W ^^2^^, 94^^4.29^^5.99^18. 4 

XXXVI Bi^Ca, g3Sr, ,,CU2.„0,,^^2 

^V^. 665^1.33^^2^7. 57 
XXXVIII Bi^Ca^ 33Sr^ 33Cu^ ,,03^^, 

^i2^^1.03Sr2CU2.oi^8.33 
XL «V^2. 375^4. 12^^4.97^16. 45 

XLI Bi^ ^ 74^^. 26^^S^3 . 98^^. 048^Vl7 . 14 

^^^^ ^^1^^3^^.17C^3.3lS^4.3i)^9a5^^6.46<=^17.27 
XLIII Bi, 5gPb ,,Ca, ,2Sr3.g5Ag ,23Cu5^,gO,, 

^^1-7^^3^^3.915^3.01^^.81^^5.77^5.61 
^^^^ ^h. 7:L^''.2S^^2.S3^^3. 60^^ 4^^5 . 83^16 . 2 5 

XLVII Bi,.^^Pb^29^^. 195^3. 69^^15^^5.87^17. 17 
XLVIII Bi^ ,^Pb 29Ca3 53Sr3 ,4K^3,CU5 3^0,, ,2 
XLIX Bi^Cag ^ 3^Sr^ ^ ^gCUj ^ q^AI^ ^ 3g2no ^ g^Og ^ 73 



0.01 



The analysis shows the presence of several impurities, such as aluminum oxide, carbon, silicon, iron, 
and magnesium. 1t is speculated that Bt the lower ievete ob s e r ve d, exc e pt for ^lumtnum, that these 
impurities have little effect on the superconductivity of the examples, H is„unclear what effect aluminum has 
at the higher Jevels observed. 

Rg. 1 shows the angularly juxtaposed platelets. The scale is 100 microns. Within this view, crystallites 
of up to 1000 microns are apparent. In expanded views crystallites of 1000 microns were noted. Generally, 
larger crystals indicate a higher aspect ratio. The grain sizes noted Tiave l)een 1ound lo depend upon the 
heating temperature. The lower the temperature the smaller the grain size. Rg. 2 shows that the same 
platelets can be disposed parallel to one another with a consistent form. The scale is 100 microns. Rg, 3 
shows an overall view of the composite superconducting material. Parallel or interwoven platelets may l>e 
important in the production of viable superconducting structures since the disposition of the platelets will 
provide a means for communicating, one from the other. It is noted that the platelets are interwoven. 
Interwoven platelets add vertical and lateral mechanical strengtfi. The orienlatfon 0I the platelets and/or 
crystallites may be effected by the orientation of the sample when heat treated. The aggregate crystal 
structure of 1 millimeter has been noted. By aggregate crystal structure is meant, a unified oriented 
crystallite or platelet aggregation. The scale is 100 microns. Rg. 4 shows a plot of resistance in ohms 
versus Temperature in Kelvins. The appearance of the discontinuity at approximately 115K is indicative of 
the presence of the Bi2{CaSr)*Cu30io type phase. At 85K the plot shows th onset temperature of bulk 
superconductivity. -At 70K i^eststance is eero. f^. 5^s^ plot of =theflRagnefeayon weasuremeot. 15>e^otted 
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line shows where the measured magnetization deviates from linearity indicating the first critical field of 
greater than 2000 Gauss. 

5 Claims 

I. A superconducting glass ceramic consisting essentially of the stoichiometric ratio Biz-nP^mPax^h 
NnCuwOy, wherein N is selected from 1he group consistirjg of Li. K. Na, Zn, ar>d Ag, m ^uais up to 1 . x 
equals up to 10, z equals up to 10, n equals up to 2, w equals about to 7, and y equals up to 20. 

70 2. A superconducting glass ceramic consisting essentially of the stoichiometric ratio BipCaxSr^CuwOy, 
wherein x equals up to 10, 2 equals up to 10, w equals about 2 to 7. and y equals up to 20. 

3. A glass ceramic as claimed in claim 1 or claim 2 characterized in that the volume percent of 
superconductivity is up to 60% at 65K, 

4. A glass ceramic as claimed in claim any of claims 1 to 3 characterized in that the first critical field is 
75 greater thap^roOO^auss. 

5. A glass ceramic as claimed in claim any of claims 1 to 3 characterized in that the first critical field is 
greater than 2000 Gauss. 

6. A Bi-Ca-Sr-Cu-0 glass ceramic wherein platelets or crystallites are interwovenly, angularly and/or 
parallelly juxtapositionally disposed to each other. 

20 7. A glass ceram*c as^ ctetrr^ed in any of claims l to 7 characterized In that species selected from the 
group consisting of silver, tin. lead, sodium, zinc, and potassium are substituted for either Ca, Sr, Cu, or Bi. 

8. A g|ass ceramic as claimed in any of claims 1 to 7 characterized in that the platelets and/or 
crystallites orientation is determined by the orientation of said glass ceramic during heating. 

9. A glass ceramic as claimed in any of claims 1 to 8 characterized in that platelets or crystallites are 
25 up to 1 millimeter m size. 

10. A process for inanufacluring a glass ceramic as claimed in any of claims 1 to 8 characterized in: 
providing a batch material or bismuth, calcium, strontium, and copper. 

melting said batch material to form a liquid, 
quenching s^dTtquld rapidly totomn a glass, 
30 heating said quenched glass to form a glass ceramic superconductor with platelets diagonally, parallelly, 
and/or interwovenly juxtapositionally disposed. 

II. A process as claimed m claim 10 characterized in that the heating ranges from 650* C to 910* C, 
preferably 800 * C to 890 ' C. 

12. A process as claimed in claim 10 or 11 characterized in that the heatir)g atmosphere is oxygen or 

35 air. 

13. A process ^s claimed in any of cJaims 10 to 12 characterized in that the melting is performed at 
temperatures in Jhe range from lOOO' C to 1350* C. 
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FIG. 3 
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